are self-cleaning and self-sterilizing surfaces [6] , water [7] and air purification [8] . However, although TiO 2 is a reference material in UV photocatalysis, it is inactive in the visible region due to its wide band gap (~3.2 eV), rendering it less efficient for its use in solar photocatalysis [4, 5] . Several methods have been applied to improve the TiO 2 photocatalytic efficiency, like surface modification via organic materials [1, 2] , semiconductor coupling [9] , and band gap modification by creating oxygen vacancies or oxygen deficiency through metal or nonmetal doping [10, 11] . Some studies report that when an oxygen vacancy was introduced in TiO 2 , mid-gap electronic states derived from hybridization of the O 2p orbital with the Ti 3d orbital were created, and the optical transition between mid-gap states and the conduction band tail would produce charge transfer from the O 2p orbital to the Ti 3d orbital, resulting in a reduced band gap of TiO 2 with oxygen vacancy [12, 13] . Polymer-semiconductor composites have received growing attention for their applications in photocatalysts, sensor materials and photoelectric devices [14, 15] . The interpenetration of inorganic and organic phases at nanoscale level is suggested to improve the individual properties in a global synergetic effect [16] . In this work, low density (LDPE) and high density polyethylene (HDPE) were selected as doping phases since they are non-toxic and low cost polymers, with good chemical and thermal stability. In addition, the intrinsic hydrophobicity of these polymers made it possible to obtain floating photocatalysts. Some of the most important advantages of this kind of photocatalysts are that it can effectively improve the usage of visible light, especially in systems using solar irradiation and also it maximizes the oxygenation of the system due to the proximity with the water surface. Other features of floating photocatalysts are that they present higher efficiency in non-stirred reactions, they can be applied directly in the contaminated wastewater located in remote areas without any special installation and they could be recovered after the photocatalytic reaction by phase separation, solving the problem of a hard recycling [17, 18] . This work studies the photocatalytic activity of TiO 2 based nanocomposites under visible light. TiO 2 and TiO 2 /LDPE and TiO 2 /HDPE nanocomposites were synthesized by sol-gel method followed by impregnation, characterized by several techniques and finally, its photocatalytic activity under visible light irradiation was investigated through degradation of methyl orange dye.
Methods 2.1. Materials
For the synthesis of pure TiO 2 , titanium (IV) isopropoxide (TTIP), ethanol and citric acid were obtained from Sigma-Aldrich, Schnelldorf (Germany), and were used without further purification. All the aqueous solution was prepared using double distilled water. LDPE (HP2027LN) was supplied by Sabic, Houston (USA), with a melt flow index (MFI) = 1.9 g·min -1 and density of 0.926 g·cm -3 . Meanwhile, HDPE was supplied by Ipiranga Petroquimica, Porto Alegre (Brazil), with a MFI = 0.8 g·min -1 and density of 0.958 g·cm -3 . For the photocatalytic reaction methyl orange (MO) dye was purchased from Sigma-Aldrich, Schnelldorf (Germany).
Preparation of TiO 2 based composites Preparation of TiO 2
Nanosized TiO 2 was prepared by sol-gel method. 10 mL of TTIP solution was dissolved in 500 mL of ethanol in a 1000 mL beaker. The mixed solution was refluxed overnight. 0.5 mole of aqueous citrate solution was added drop-wise into the refluxed solution. Then, the resulting solution was stirred mechanically during about 24 hours. Thus a gel was obtained. This gel was dried at room temperature for 7 days, removed from the beaker and transferred to the mortar for grinding. The finely ground sample was later transferred into an alumina boat and calcined at 400°C for 90 minutes in a muffle furnace. 
Preparation of TiO

Characterization details
Surface area of different samples were determined by N 2 adsorption-desorption isotherms at -196°C in a Micromeritics ASAP 2010 equipment. X-ray diffraction (XRD) analyses were carried out at room temperature in a Bruker D8 Advance diffractometer using Cu Kα irradiation at λ = 1.54 Å; the scanning 2θ range was from 10 to 80°, with an increment of 0.02° and time per step of 0.5 s. A Tecnai F20 FEG-S/ TEM microscope operated at 200 kV, equipped with an energy dispersive X-ray (EDX) detector was used for transmission electron microscopy (TEM) analyses. The powder samples were dispersed in isopropanol by ultrasonic stirring for 15 min, and the dispersion was dropped in carbon-copper grids. In order to remove organic contamination, the grids were exposed to an argon plasma cleaning before microscopy measurements. Absorbance measurements and concentration of MO solutions were analyzed using a Perkin Elmer UV-Visible spectrophotometer Lambda 11. X-ray photoelectron spectroscopy (XPS) spectra were measured using a hemispherical analyser (Physical Electronics 1257 system). A twin anode (Mg and Al) X-ray source was operated at a constant power of 200 W using Al Kα radiation (1486.6 eV) for the XPS measurements. The sample was placed in a sample stage in which the emission angle can be varied. In this case, the emission angle was 45°. All XPS spectra were calibrated using C 1s band at 285 eV. Photoluminescence (PL) measurements were performed at room temperature in a Perkin-Elmer spectrofluorometer LS-55, equipped with a Xenon lamp.
Photocatalytic reactions
The procedure for photocatalytic activity evaluation has been described elsewhere [19] . The synthesized samples were used as a catalyst for the degradation of MO solution under visible light illumination using a projector lamp (halogen lamp 250 W, Philips, 532 nm) in a homemade photoreactor. The power density of light irradiation at the surface sample was 180±20 mW/cm 2 . Reaction mixtures were prepared by adding 50 mg of photocatalyst into 500 mL of MO solution, with an initial concentration of 5·10 -5 mol·L -1 . The photoreactor was irradiated with constant stirring, and samples from the suspension were collected at regular time intervals, centrifuged and filtered. The pH value was ~8 to 10. The MO concentration was estimated through a calibration curve of the absorbance at 464 nm using UV-visible spectrophotometer. The degradation efficiencies of MO was calculated using the following Equation (1): (1) where C 0 and C are the concentrations of the solution before illumination (t = 0) and after illumination of light for 't' minutes, respectively. (215) [20] . Diffractograms of TiO 2 / LDPE nanocomposites ( Figure 1 curve d and e) showed very similar pattern to anatase, without additional peaks. The typical diffraction peaks for LDPE appear at 2 theta values of 21.1, 23.8 and 36° [ 21, 22] . This indicated that no change in crystalline structure was produced during the preparation of these photocatalysts. On the other hand, even though the diffractograms corresponding to TiO 2 /HDPE nanocomposites ( Figure 1 to a typical orthorhombic unit cell structure of (110) and (200) reflection planes respectively, corresponding to HDPE [23, 24] . Additionally, as can be observed comparing curves 1b with 1c, the intensity of the HDPE peaks increases with the polymer content. The TiO 2 average crystallite size in pure TiO 2 and within the nanocomposites was calculated using the Debey-Scherrer's formula [25] , from line broadening (FWHM) of the (101) The optical band gaps of the prepared materials were determined by UV-Vis absorption spectroscopy ( Figure 3 ). TiO 2 absorption edge is located around 355 nm, characteristic of an UV active material. The corresponding band gap energies were estimated through Tauc's plot [26] , and those results with the corresponding wavelength values are shown in Table 1 . It is clear that the band gap value for all nanocomposites is smaller compared to that of pure TiO 2 . This variation of band gap indicates that the prepared polymer nanocomposites have absorption bands in the visible region, suggesting a synergistic effect between TiO 2 and polyethylene due to intermolecular interaction.
Evaluation of photocatalytic activity
The MO degradation curves as a function of irradiation time for all the prepared samples are shown in Figure 4 . As expected, it was clearly observed the low degradation activity of pure TiO 2 under visible light. Additionally, pure LDPE was also evaluated to confirm its zero activity for MO photo-degradation. Therefore, the photocatalytic activity measured for the prepared nanocomposites was undoubtedly due to the interaction between TiO 2 and polyethylene. In fact, the results showed how the MO concentration decreased with irradiation time for all TiO 2 -PE nanocomposites, corroborating their activity under visible light irradiation. Table 1 shows the degradation efficiency values for all the prepared samples after 180 minutes. It was observed that TiO 2 /LDPE nanocomposites showed greater activity than TiO 2 /HDPE ones. In both cases, the catalysts with 10% polymer showed greater activity, suggesting that the higher dispersion of TiO 2 nanoparticles, observed by TEM, favored the activity. Among the different composites studied, TiO 2 (90)/ LDPE showed the highest degradation activity. Nonetheless, besides having the highest surface area of all four composites and a good TiO 2 nanoparticles dispersion, the characterization results presented above do not render a clear explanation of the synergy between polymer and TiO 2 . Therefore, for a better understanding of the interaction between TiO 2 and polyethylene in these nanocomposites, XPS measurements of pure TiO 2 , TiO 2 (90)/LDPE and TiO 2 (90)/ HDPE samples were carried out. Figure 5a shows Ti 2p band after Shirley background subtraction of fresh TiO 2 and nanocomposites. [27] [28] [29] [30] . The difference in the binding energies between Ti 4+ and Ti x+ species has been attributed to a difference in the coordination number between the pure oxide (octahedrally coordinated) and the new compound (tetrahedrally coordinated). The increase in the binding energy can be due to an increase in the interatomic potentials produced by a decrease in the coordination number and a shortening of the [30] reported this last doublet in carbon-doped titania, suggesting that a Ti 3+ species was formed. In the case of the O 1s band (Figure 5b ), two different bands were distinguished: the one connected with Ti-O bonds (530.3 eV) and other band at 532.2 eV connected with O-C and OH-Ti bonds [31, 32] . In the case of TiO 2 (90)/HDPE, a third band was observed at 529.1 eV related with O=C-OH bonds [33] . Both in the case of TiO 2 (90)/LDPE and in TiO 2 (90)/ HDPE samples, an increase in the band related with OH-Ti and O-C bonds was observed, as well as a shift from 532 to 532.2 eV. This shift could be related with changes in the chemical environment of the element or the presence of new chemical states with a binding energy near the one of OHTi and O-C bonds. C 1s band (Figure 5c ) presented a main peak at 285 eV in all the samples, with a widening in the case of TiO 2 (90)/HDPE. This widening could be due to the presence of a small contribution of C-OH bonds, which appears at 286.4 eV [33] . Although both TiO 2 (90)/LDPE and TiO 2 (90)/HDPE catalysts presented the Ti x+ component in the Ti 2p band, this contribution in the TiO 2 /LDPE sample was higher (27% of the Ti 2p band) than in the TiO 2 / HDPE sample (6% of the Ti 2p band). These results are consistent with the different photocatalytic response of these composites. The higher ionic character of Ti x+ species in Ti-O-C bonds present in the TiO 2 -polyethylene interface promotes electrons donation, then increasing the appearance of holes in the valence band. This would explain the increased activity of TiO 2 -polyethylene nanocomposites in the degradation of MO under visible light comparing with pure TiO 2 . Also based in the XPS analyses, the contribution of Ti x+ was higher in TiO 2 (90)/LDPE nanocomposite than in TiO 2 (90)/HDPE, which could explain the higher effect of LDPE on the degradation activity.
In order to a better understanding of the photocatalytic activity of TiO 2 (90)/LDPE nanocomposite and the interaction between TiO 2 and LDPE, room temperature photoluminescence (PL) measurements were carried out and studied in detail. The emission spectra of TiO 2 (90)/LDPE, pure TiO 2 and LDPE are presented in Figure 6 . For LDPE the corresponding emission peaks were observed at 355 (3.5 eV) and 448 nm (2.8 eV), while for TiO 2 and TiO 2 (90)/LDPE the principal peaks were observed at 428 (2.9 eV), 488 (2.5 eV), and 535 nm (2.3 eV). The samples were excited at 200 (6.2 eV), 312 (3.97 eV), 365 (3.4 eV) and 400 nm (3.1 eV). The only difference in the PL spectra of the samples was the intensity of the emission peaks. Nehate et. al. [34] reported that the emission in polyethylene polymer is due to groups attached in the monomer and the conversion of the hydroxyl (OH) group during the polymerization in the ester group. As well, they reported that the principal emission about 400 nm is associated with presence of chromophores, while peaks at ~360 and ~470 nm are due to O-H (bending) groups, C-H or -CH 2 (bending) chain. For TiO 2 (90)/LDPE no change was observed in the shape and emission peaks of the PL spectra compared to the emission of the anatase TiO 2 nanoparticles. Thus, the variation in the intensities could be due to the difference in densities. A broad emission peak (pure TiO 2 nanoparticles) corresponding to the lowest indirect transition (428 nm (2.9 eV)) was also observed (Figure 6a,  6b ). In addition, PL measurements revealed the presence of two shallow trap levels at energies of 2.5 (~488 nm) and 2.3 eV (535 nm), which were induced by the presence of the oxygen vacancies (Vo) [35] . The peak at 2.5 eV (~488 nm) in the sample is assigned to shallow trapped Vo associated with Ti x+ centers below the conduction band [36, 37] and the peak at 2.3 eV (535 nm) is due to the transition between the mobile electrons and trapped holes [38] . However, the position of lower energy peaks/shoulders are the same in the TiO 2 (90)/LDPE nanocomposite, indicating the same origin (oxygen vacancies, Vo) that in TiO 2 nanoparticles. Also we observed in Figure 6a , a broad emission in which the hydroxyl group (448 nm (2.8 eV)) could be immersed in the PL spectrum of the TiO 2 (90)/LDPE sample. The presence of the hydroxyl group may form an acceptor level just above the valence band, favoring the photocatalytic activity. Also, the incorporation of TiO 2 nanoparticles in the LDPE could accelerate the photo-oxidation mechanism due to that TiO 2 can be excited at λ exc ≤ 400 nm to produce • OH radicals (see Figure 6 ) [39] [40] [41] [42] . In addition, the increased relative surface area in TiO 2 (90)/LDPE sample results in increased surface contact between the water molecules adsorbed on the material and the photocatalyst, allowing thus the production of chemisorbed surface hydroxyl groups to produce • OH radicals. Moreover, the presence of OH species, as is shown in the PL spectra of TiO 2 (90)/ LDPE sample, also contributes to the photo-production of • OH radicals. This result indicates a major concentration of C-OH groups supporting our findings about a photocatalytic behavior of samples. The results presented in this work clearly suggest that the incorporation of C in the TiO 2 structure induces the formation of an acceptor impurity energy level above the valence band. Three C 2p bands lie within the band gap of TiO 2 , thus reducing the energy gap from the valence to the conduction band (E g ′). This decrease in the energy gap extends the absorption spectrum to the visible light region (Figure 7) . Additionally, the long term stability and reusability of the TiO 2 (90)/LDPE sample was tested by recycling process. Figure 8 shows the recycling ability of this photocatalyst. After undergoing recycling process of methyl orange for three times under visible light irradiation, very slight variation was found, being the efficiencies for the 1 st , 2 nd and 3 rd cycle of 91, 89 and 90% respectively. Thus, it was concluded that the nanocomposite exhibits good stability and reusability for photocatalytic degradation of dyes under visible light irradiation. As a final comment, it is worthwhile noting that these composites float on water. Thus, in addition to effectively improve the usage of light, especially in systems using solar irradiation, they could easily be recovered after the photocatalytic reaction, facilitating their applications to different types of contaminated water bodies [43, 44] .
Conclusions
In summary, pure TiO 2 and TiO 2 /LDPE and TiO 2 / HDPE nanocomposites were successfully prepared by using a simple sol-gel method combined with polymer impregnation. All nanocomposites exhibited a lower bandgap than pure TiO 2 , and were active in MO degradation under visible light. XRD analyses exhibited that synthesized TiO 2 presented characteristic anatase phase pattern, which not presented substantial changes during the preparation of the nanocomposites. XPS results suggested the formation of Ti-O-C bonds in the interface TiO 2 -polyethylene, where higher ionic character of Ti x+ species promotes electrons donation, increasing then the appearance of holes in the TiO 2 valence band. TiO 2 (90)/ LDPE nanocomposite presented the highest degradation efficiency of MO. These results were correlated to a higher contribution of Ti x+ species in this sample compared to the other composites. Moreover, to explore the reaction mechanism of PE modified with TiO 2 for visible light response, the detection and behaviors of hydroxyl radical ( • OH) was discussed. Additionally, photoluminescence showed that TiO 2 (90)/LDPE nanostructures contains relatively high concentrations of oxygen vacancies, which contributed to the photocatalytic properties of the nanomaterial. The results of the present work provide new insights about TiO 2 -nanocomposites photocatalysts with notable visible light activity and stability that have interesting and potential environmental applications.
